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Long-Term Survival of Xenogeneic Pancreatic Islet 
Grafts Induced by CTLA4lg 

Deborah J...Uenscbow, YijunZeng, .J. Richard Thistlethwaite, 
AnthonV Montag, William Brady, Maryiou G. Gibson, 
Peter S. Linsley, Jeffrey A. Bluestone* 

Antigen-specific T cell activation depends on T cell receptor-ligand interaction and co- 
stimuiatory signals generated when accessory molecules bind to their ligands, such as 
CD28 to the B7 (also called BB1) molecule. A soluble fusion protein of human CTLA-4 (a 
protein homologous to CD28) and the immunoglobulin (tg) G1 Fc region {CTLA4lg) binds 
to. human and murine 87, with high avidity and blocks T cell activation in vitro. CTLA4lg 
therapy . blocked human pancreatic islet rejection in mice by . directly affecting J cell rec- 
ognition of 87"*;: antigen-presenting cells. In addition, . CTLA4lg induced long-term, donor- 
-specific. tolerance, -which may have applications to human organ transplantation: x . . , 



At present, the major therapies to prevent 
the rejection of organ transplants rely oni 
panimmunosuppressive drugs, such as cy-^^^^^^ ^ 

. closporine'-: A": or tf monoclonal: antibodi^jfr^J^T^.ceUsT^ .inducing donor-specific, tole r 
: (MAbs):.to ."CD3:^^^ ' " ' ' - 

quently be taken^ for the life of the individ-': 

ual; depress the immune system, and often 



result in.. increased infections and cancer. 
We attempted to develop a treatment that 
affected only the transplant antigeri-specific 



:-'^;ance;lThe binding of CD28..by its ligand; 
^^B7^B_L\XB7);'_di^^^^ receptprj;en:'; 
•gagement is critical for proper T cell signal- 



SCIENCE • ■ VOU 257 • 7 AUGUST l99Z-^i}^yir^_^-^^^ _ 



789 



X 



m 




ing in some" systems (/-4). When the m- 
teraction of CD28 with its Ugand is 
blocked, antigen-specific T cells are inap- 
propriately induced into a state of antigen- 
specific T cell anergy (1.5). Recent studies 
have shown that the CTLA-4 molecule, a 
^ CD28 homolog, also binds to B7 (6)^ese 
studies used a soluble chimeric CTLA-4 
fusion protein between the variable domain 
of the human CTLA.4 gene and the hinge, 
CH2, and CH3 domains of the hunwm 
IgGl constant region, CTLA4Ig 
This soluble receptor molecule binds to 
both human and murine B7 (with a 20-fold 
greater affinity than CD28), blocl« the 
binding of CD28 to B7, inhibits T cell 
activation, and induces T cell unrespon- 
siveness in vitro (5, 6, 9). Using a xenoge- 
neic transplant model (JO), we found that 
CTLA41g prevented rejection of xenoge- 
neic pancreatic islet cells and induced do- 
nor-specific tolerance. ,a^t 

Initial studies showed that ^LA^lg 
bound to both murine and human B7 and 
inhibited primary xenogeneic mixed lympho- 
cyte reactions in vitro (J 1). J^^f 
examined the effects of blocbng CD28-B7 
interaction in vivo. C57BU6 (B6) or C57BU 
10 (BIO) mice were treated widi strept020to- 
cin to eliminate mouse pancreatic islet p cell 
function. Diabetic animals were grafted under 
the kidney capsule, and treatment was started 
immediately after surgery. Survival of the islet 
grafb was monitored by the analysis of blood 
glucose concentrations. Transplanted control 
animals, treated widi either phosphate-buff- 
ered saline (PBS) (n = 14) or L6 (a human 
IgGl chimeric MAb; n = 8), had a mean 
graft survival of 5.6 and 6.4 days, respectively 
(Fifi. UA). In contrast, islet rejecnon w^ 
delayed in animals treated with (mA4Ig (10, 
iLg per day for 14 days) widi four out of the. 
seven animals exhibiting moderately pro- 
longed . mean graft survival (12.75 days), , 
whereas the remaining three animals maui- 
tained normal glucose : levels for > 80 days 
(Fig IB). This evericual increase m glucose 
con^ntiation may be a result of islet exhaus- 
tion because no evidence of active cellular 
rejection was observed. In the three mice diat 
maintained long-term islet grafts, the tran- 
sient -increase in" glucose - concentrattons 
around day 21 after die transplant may have 
repre^ted " a* self-limited "rejection; episode 
. [consistent -widi'^tiie-pbarmacokineacs^^^^^ 
- CrXlA41g deararice. after therapy ':(I2)1..^^^^^^ 



f\g. 1. Survival of human pancreatic isiet xe- 
nografts. Human pancreatic islets cells were 
purified after collagenase digestion as de- 
scribed B6 or BIO mice, treated with 
streptozotocin (175 mg per kilogram of body 
weight) 3 to 5 days before transplant and 
exhibitir^ r>onfasting plasma glucose levels of 
greater than 280 mg/dl (with the majority over 
300 mg/ml). were used as recipients. Each 
animal received approxirTialely 800 fresh hu- 
man islets of 150 ^im in diameter beneath the 
left renal capsule (70). Treatment was started 
immediately after transplantation. (A) Control 
animals were treated with PBS (solid lines) or 
L6 (dotted lines) at 50 M-g every other day for 1 4 
days immediately after transplantation. Islet 
transplants were considered rejected when 
glucose levels were greater than 250 mg/dl for 
three consecutive days. Animals treated with 
PBS (n - 14) and L6 (n « 8) had mean graft 
survivals of 5.6 and 6.4 days, respectively. (B) 
Animals were treated with 10 j^g of CTLA4tg for 
14 consecutive days immediately after trans- 
plant (n - 7). Three out of seven animals 
maintained their grafts lor >80 days The re- 
maining four animals had a mean Q^aft survival 
of 12 75 days. (C) Animals were treated with 50 
u.q of CTLA4lg every other day for 14 days 
immediately after human islet transplantation. 
All animals (n 12) treated with this dose 
maintained grafts throughout the analysis. Se- 
lected mice were nephrectomized on days 2i 
and 29 after the transplant to assess the graft s 
function. 
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Therefore, in subsequent experiments, 
the dose of CTLA41g was increased to 50 
LLP per animal every other day for 14 days. 
This treatment resulted in 100% of the 
animals maintaining normal islet fiincnon 
throughout the experiment with no signs ot 
fa rejection crisis (Fig. IC). In order to 
confirm that insulin producrion ongmated 
_from the transplanted islets and not from 
the native moq?e pancreas, we nephrecto- 
mized selected arftnals at^ays 21 and 29 to 
remove the islet grafts (Fig. IC). In these 
animals, glucose concentrations increased 
to above 350 mg/dl within 24 hours, which 
indicated that the islet xenograft was re- 
sporisible for maintaining normal glucose 
levels. Thus, it appears that the blocking ot 
the CD28-B7 interaction inhibits xenoge- 
ineic islet-graft : xejecrion.^^The'^; effects -of 
rdreatment with:'the ' soluble^ receptor -were 
r-not a result of Fc binding :(L6 did not affect 
-graft rejection) or gener^ effects on T cell 
or B ceU function in vivo (i3). The tunc- 
Tion of CTLA-4 on iX^ceU surfaces as^a. 
potential costimulatorV:TTmolecule - is un- 
sown. Therefore, the^effects we observed 
inight also reflect the :irripbrtance of CTLA-. 
4-B7 interactions or^otiier; as yet uniden- 
tified B7^ or CTLA^:ai^ds:>ip?.:^(>dL^ 
%>v; Histological ,^rial^o£Tislet;ocenogral^ 
l^om control (??S-t^^^nd.CTLA4l^ 
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treated mice were done (Fig. 2). The islet 
tissue from the control animal demonstrated 
evidence of immune rejection, with a 
marked lymphocytic infiltrate into the graft 
and few remaining islets (Fig. 2A). Immu- 
nohistochemical staining showed that insu- 
lin-positive cells .were present only rarely, 
and no somatostatin-positive cells (13) were 
present at all (Fig. 2B). In contrast, trans- 
plant tissue from the CT1^41g-treated mice 
was devoid of any lymphocytic infiltrate 
(Fig 2C) . The grafts were intact, with many 
islets visible. In addition, the p cells ob- 
served in the human islet tissue produced 
human insulin (Fig. 2D) and somatostann 

- ^Because^ the' human .CTLA4Ig used in 
this study . reactis'. with > both %munne.i and 
iiuman' B7,^the .individual::role of;m^^ 
B7-*' and hGman\B7t^cells' could : not -.be 
distinguished (6):,However. -one:advantage , 
of-the xenogeneic-Tramplant model:is.;.the . 
. ^ilabiUty :of :ar MAb^to :h^^ 
does nor react -with mouse:B7, (I4)-:,l Hus, , 
the role;of human B7-bearing:antigen-pre- : 
senting cells- (APO) <£ould be' directly ex- 
amined. The: [mice werd. transplanted as 
- described and -then ; treated 'with '50 ■ p-g of 
:^MAbi to ;H{ifi^:B7>veiS^ther^ 1 4 ; 

S::Bays:aftSgM&^^^ 

longed .grafc^su^v^valin•:t^e 




=lg. 2. Histological arial- 
^is of hunw* islets 
nsp(anted under the 
capsule of BIO 
Histology was 
erformed on kidneys 
risp»anted with human 
felet cells. The slides 
ere analyzed blindly. 
1(A) Hematoxylin and 
leosin staining of a con- 
I human islet grafted 
.^se 29 days after 
flransplanlation showed 
Ta massive lymphocyte 
f infiltration. (B) The same 
I tissue, stained for insu- 
flin. showed no detect- 
? able insulin production. 
^ (C) Histological exami- 
jrnation of tissue from a 
i CTLA41g -treated mouse 
L;21 days after transplant 
I 'showed intact islets un- 
l"der the kidney capsule 
^ with very few lympho- 
t'cytes infiltrating the 
^transplanted tissue. The 
"'J tissue was stained with 
^- hematoxylin and eosin. 
(D) The same tissue from 
■ the CTlJ^4lg-treated 
[ mouse, stained for insu- 

il-lin, showed the produc- j^m^^m^j^i v r^r 

P tion of insulin by the _. ,.„roftii«ijP examined at latter time points (13). The upper, 

^ ^■b°a^ and kidney parenchyma. 

Se. and lower- arroM^eads '^^^^^^^^^^^ P^<^^^^' "T" '^^Z7w) 

'^^^JtJ^^ the a.din.biotin-perox.dase method (.3). 

MagnKication is x122. , 



S5O xlays) in comparison to that for control 
r-mice (Fie- 3) . These results suggest thzt the 
.^Vne'resUe « the human i^ets^n- 
-volves direct Presentation of human major 
-:histocompatibility complex (MHC)-re- 
ttstricted Ulet antigens by human APCs. 
|-This possibility 'contrasts with conclusions 



drawn in previous studies m ^l^'f^^ the 
predominant pathway for xenogeneic anti- 
gen presentation appeared to mvolve the 
processing and presentation of shed foreign 



proteins by syngeneic mouse APCs (15). 
However, other studies have noted the 
^portance of carrier donor leukocytes in 
^^plant rejection (16) The inabil.^ o 
the anti-B7 MAb to block rejection as 
effectively as CrLA41g may indicate that 
murine B7* APCs may also be m 
xenograft rejection. It is also PO«'ble tha 
an inadequate dose of the ann-B7 MAb was 
used because it has a lower binding affinity 
to B7 than toCTLA4Ig (6). Further scud^ 
are needed to determine how the syngene c 
and xenogeneic APCs interact to regulate 

AlZughV CrLA41g therapy resulted 
in graft acceptance in the majority of mice, 
the animals may not be tolerant. Trans.en 
mmunosuppression can lead ^o per^^'^ern 
islet graft acceptance because of graft adap- 
tation (the loss of immunogenicity as a result 
of the loss of APC function) (16). In order 
to differentiate between these possibilities, 
we nephrectomized selected xenografted, 
CrLA41g-treated mice (day 40) and retrans- 
planted them under the remaining kidney 
capsule with either the ongmal donor islets 
(first party) or unrelated second party human 
islets (Fig; 4). Streptozotocin-tieated con- 
trol animals, having "^^^^J^^r^,^" f " 
oraft, were also transplanted with either first 
or second party islets. No treatment after the 
transplant was given. Control =™r^f re- 
jected the first and second party islets by day 
\ The CTLA4Ig-treated animals that haa 
received the second party islets rejected 
these islets by day 5, whereas animals receiv- 
ing first party donor islets mamtained the 
grafts for >80 days (Fig. 4). .4,. 

These results suggest that the CTLA41g 
treatment resulted in prolonged donor-spe- 
cific unresponsiveness to the xenogeneic 
islets. The abUity . of the munne immune 
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-AnH-B7— ■;- : --.7-.'.!-; 
_ Day* after transplant ^_.. ...arivp.i^^^^ 

SJ-^^cilongationTSf islet -graft^surviv^>^^h 
liMAb to human B7 StreptozotocirvU^ ed an - 
^.mals^were transplanted as ^escnt^C^U 
t^^The mice were treated either with PBS (dotted 
MAb to humanB7 (so>|cJl^a^a 
|ldose.of:50^^ ex^ry : other vd^^^^^^ 
«'^Control animals. (treated with PBS) (n.-.3) haa 
iSSraft.survival :of.:3.5^days?.wt.ereas 
ly^BT^Saled .animals ^ (nv=;^5)f;rna,nta,ned 
pgrafis from 9 to >50 days. [ 



Rg. 4, Induction of donor-sp^ific 
unresponsiveness to islet graft 
antigens by CTlj^4lg. Normal gly- 
cemic. CTVA41g-treated. trans- 
planted mice (dotted lines) were 
nephrectomized on day 44 after 
transplant and immediately ^re- 
transplanted with either- 1000 first 
party -donor islets "(dotted lines, , 
solid circles) or 1000 second par- 
ty islets^dotted lines.' open cir- 
cles) beneath the remaining kid- 
ney capsule. These islets: frozen 
at the ..time of the first transplant : 
were thawed and. cultured .for 3 
days before transplant to ensure, 
islet function.. BIO. mice that . had 
been treated, with streptozotocin 

. ■ ' rac! inn nluCOSE 



— >450 




Days after initial trartsplant 



islet function.. Diu iii-v-^ "■"v— ^- y- ..-:- .=: - . - • v , • , " i;h 

been treated with streptozotocin . ■ • r;;;o=,tor"than 280 mo/dl were used as controls (soho 
a^^ekhtoited n^^^^^^^ rejected both the jirst f^rty 

lines): .No treatment was gtven after ^^^^P^^d hne^ open circles) islet grafts by day 4 after 
solid lines closed circles) and the second party (sohd iines^ a mean graft. . 

' -.as-analyzed t>80 days)..=-^^-.-*^-^^. . ' V 7791 
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' response to distinguish differences among the 
human islet donors also supports the direct 
recognition of the polymorphic MHC prod- 
ucts expressed on the human islet cells. The 
future of immunosuppressive therapies in 
oansplantation and autoimmune disease de- 
pends on their ability to induce lor^-term, 
antigen-specific uru-esponsiveness. The capac- 
ity of CTLA4Ig to significantly prolong hu- 
man islet graft survival in mice in a donor- 
specific manner suggests that blocking the 
interaction of cosrimulatory molecules such as 
CD28-B7 may provide an approach to immu- 
nosuppression. 
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Immunosuppression in Vivo by a Soluble Form of 
-the CTlJX-4 T Cell Activation 

Peter S Unsley*, Philip M. V\/allace. Jennifer Johnson, 
Mar/lou G. Gibson. JoAnne .L. Greene. Jeffrey A. Ledbetter, 
• - Cherry Singh. Mark A. Tepper ; ' . 

'\n^fr^^vA^e the surface of antigeVpresenting cells binds to the .T cell 

^ !l^!2^Mio^^ and CTLA-4 a costimulalory signal for T ceil. activation is gen- 

•h gf^^SJ^^^^ treatment in vivo suppressed V^^^^rrslf cS^^ 
to sheep erythrocytes or keyhole limpet hemocyanm. Large ^osespf CTl^4lg suppres^^ 
L^nses^a sT^ imrJtunization. Thus, costimulation B7 is^mportantlor h^ 
[mr^ne responses in vivo, and interference with costimulation may be useful for treatment 
of antibody-mediated autoimmune disease. 



(9). CD28 probably participates in costim- 
ulation required to prevent anergy induc- 
tion in T cell clones (JO), in unresponsive- 
ness in human mixed lymphocyte reactions 
(]J), and in the costimulation of antigen- 
specific interleukin-2 production of human 
T cells (J 2). Despite data that indicate the 
importance of B7-CD28 interacrions in the 
costimulation of in vitro T cell responses, 
the role of these interactions in regulating 
in vivo immune responses is unknown. 
Here, we show that CTLA41g is a potent 
suppressor of antibody responses in vivo. 

Human CTLA4Ig [human CTLA-4 and 
human immunoglobulin (Ig)) binds to mu- 
rine B7 and inhibits murine T cell responses 
in vitro (J 3). These findings led us to test 
the effects of human CTLA4lg on murine 
immune responses in vivo. CTLA4lg was 
purified to homogeneity by protein A chro- 
matography from a serum-free culture me- 
dium of transfected mammalian cells (J 4). 
The chimeric monoclonal antibody (MAb) 
L6, which has a murine region and a human 
Fc region, was used as a control. 

We first measured serum clearance of 
human CTLA41g in mice (Fig. 1). A plot 
of serum CTLA4lg levels versus time was 
biphasic, giving a time of half-clearance 
(tj/j) of —4 hours and —30 hours for the 
two components. Serum clearance after 
multiple injections of CrrLA4lg was more 
complex and appeared dose-related. The 
h/2 more slowly clearing component 

was increased to -4 days after six daily 
intravenous injections of CrrLA4lg (200' p-g 
per injection), and functionally active 
CTLA4Ig was detected in mouse serum 
for up to —5 weeks after the last treatment 
with CTLA4Ig. No overt toxicity of 
CTLA41g was -noted. : : - . . 
:: The .ability of CTLA4Ig .to suppress for- 




-inicePBALB/c^STiicirwere eac^ given a 'single 
;intravenous injection of 50.m^ of CTLAAIg pre4 

5;^ti'H:^.s.'-^s>jtJentiation' requires^ *die-^mteracaon-^oro mice were, bled retrororbitally. The -binding : 

-— TTT^F^'^^^dvCDlS (7)TGrTlA-^?-aT^^^ functional ..CTLA41g fromisera to B7-.CH0 - 

P.S, ynsiey;P M.^Walja«^^^ to CD28 (8) ?.als'o binds -tfee: BJ^;- .^^,,3 ,wasrmeasured.;by.-.flosv-;.cytometfy:.(5): 

''B^^li:^^^^ ■ ' "'^'^"^^ 



^3g^o£:*To whom comespofx5erce 



